O ne of the most controversial issues in epilepsy research is whether prolonged febrile seizures cause mesial temporal sclerosis (MTS) and temporal lobe epilepsy (TLE). Retrospective studies from tertiary epilepsy centers report that many adults with intractable TLE have a history of prolonged or atypical febrile seizures in childhood. However, population-based studies have failed to confirm this association, as have prospective studies of febrile seizures (1) . This review summarizes the current knowledge from epidemiologic, imaging, and animal studies regarding this controversial subject, and it attempts to define the issues that should be addressed in future research.
Epidemiologic Data
Data from large cohorts of children with febrile seizures indicate that in 2% to 10% of children who have febrile seizures, unprovoked seizures or epilepsy will subsequently develop (1) (2) (3) (4) (5) . In most studies, the risk of developing epilepsy after simple febrile seizures is only mildly elevated compared with the risk for the general population (1) (2) (3) (4) (5) . To the contrary, complex febrile seizures are clearly associated with an increased risk of subsequent epilepsy. Prolonged febrile seizures, particularly very prolonged febrile seizures and febrile status epilepticus (SE), are associated with a substantially elevated risk for future epilepsy (1-3).
However, not all children with febrile seizures in whom epilepsy develops will have TLE. Typically, in those patients with generalized febrile seizures, generalized epilepsies will develop, whereas in those individuals with focal febrile seizures, focal epilepsies will develop (1, 2) , suggesting that febrile seizures may be an age-specific expression of seizure susceptibility in patients with an underlying seizure diathesis (1, 2, 6) . The types of epilepsy that occur in children with prior febrile seizures are varied and not very different than those that occur in children without such a history (1, 7, 8) . In Japanese children, an increased incidence of febrile seizures is not associated with an increased incidence of epilepsy (9) . Furthermore, in randomized clinical trials, drugs such as phenobarbital or diazepam, which reduced the risk of recurrent febrile seizures, do not alter the risk of subsequent epilepsy (10) (11) (12) . The weight of the epidemiologic data argues against a causal association in the majority of cases.
Febrile SE, which is the extreme end of complex febrile seizures, accounts for approximately 5% of all febrile seizures (13) and for 25% of all pediatric SE (14) . If febrile seizures cause MTS and TLE, then patients at highest risk should be those with febrile SE (duration > − − 30 min). However, the data from prospective outcome studies of febrile SE, unfortunately, are inconclusive. Studies of febrile SE (1, 2, 13, 15) all report a much higher risk of epilepsy, but they have not specifically addressed whether an increased risk of TLE occurs, and no imaging data are available on these cohorts, so that the incidence of MTS cannot be assessed.
Limitations of Epidemiologic Studies
Inherent limitations are found in the ability of epidemiologic studies to address the relation between prolonged febrile seizures and MTS or TLE. If TLE is used as the outcome, the latency period between febrile seizures and the subsequent development of recognizable TLE is quite long, averaging 8 to 11 years (1, 16, 17) . Recent data from the multicenter study of epilepsy surgery indicate that there may be an even longer latency period before epilepsy becomes intractable (18) . The latency issue could be overcome by substituting anatomic MTS, which occurs more quickly, as the designated outcome; however, MTS has not yet been established as a valid surrogate for TLE.
Another serious limitation of epidemiologic studies in establishing a causal relation between febrile seizures and MTS or TLE is the relative rarity, at least in humans, of the target event (i.e., both febrile seizures and MTS and/or TLE). The various studies that examine the relation between prolonged febrile seizures and MTS report a mean duration of febrile seizure of 90 to 100 minutes in those patients with subsequent MTS (1, (19) (20) (21) . Less than 1% of cases of febrile seizures are both focal and longer than 60 minutes (13, 22) . As with prolonged seizures, acute injury and/or subsequent MTS do not occur in all cases. Therefore, the number of subjects needed to find an effect, with only epidemiologic techniques, is huge and well beyond the numbers seen in any of the published epidemiologic series thus far. Given the high frequency of prior febrile seizures in patients with epilepsy for whom the febrile seizures clearly are a marker for increased seizure susceptibility, it is not surprising that epidemiologic studies have not detected the relatively small number of cases of MTS and TLE in which a causal relation between prolonged febrile seizures and MTS or TLE actually exists.
Imaging Data
Magnetic resonance imaging (MRI) has demonstrated abnormalities in the hippocampus after prolonged febrile seizures (1, 21, 23) . The changes may be transient and, therefore, not detected, unless MRI is performed shortly after the prolonged seizure. MRI is requisite to the detection of chronic hippocampal injury, such as in MTS. Although hippocampal MRI abnormalities may be seen after prolonged febrile seizures, it is not clear how to predict whether the abnormality will be permanent. Nevertheless, the best available data for a causal relation between prolonged febrile seizures and MTS come from imaging studies.
The most interesting data to address the causal relation issue come from recent prospective studies of febrile SE that have imaged affected children within 72 hours of the seizure (21, 23) . VanLandingham et al. (21) described 27 infants aged between 8 and 24 months who were imaged after prolonged febrile seizures.They reported acute hippocampal MRI abnormalities in four of the 15 infants with focal or lateralized prolonged febrile seizures and in none of the 12 infants with generalized prolonged febrile seizures. The mean seizure duration in those showing acute changes was 99 minutes, compared with 41 minutes in those with focal seizures and 46 minutes in those with generalized febrile seizures (P < .05) who did not have acute imaging abnormalities. Notably, only those children whose seizures were both focal and prolonged had evidence of either acute changes or later MTS. It is difficult to distinguish which feature is most important, as the majority of very prolonged febrile seizures are focal (13) . However, at least two other studies on the association between prolonged febrile seizures and MTS reported that the mean duration of the febrile seizure in cases with MTS was 90 to 100 minutes (19, 20) .
The group of investigators at Duke University has enlarged and further researched the original cohort of 27 children studied by VanLandingham et al. (23) . On careful reexamination, 30% of MRIs done within 72 hours of the prolonged febrile seizures were abnormal on visual inspection by blinded readers, including those of four infants with severely abnormal scans. The most predictive abnormality in terms of subsequent MTS was an ab-normal hippocampal T 2 signal. Of the eight children with prolonged febrile seizures who had two or more scans, four children had severe T 2 signal abnormalities on their initial MRIs. Three of these four patients went on to develop anatomic evidence of MTS, although, to date, in only one has TLE developed. None of the other children has subsequent anatomic evidence of MTS. The preliminary data also indicated that recovery from hippocampal atrophy can occur in some of these children.
Limitations of Imaging Data
It is tempting to use imaging as a surrogate for clinical outcome, but the approach should be used with caution. The data available so far demonstrate that very prolonged febrile seizures can result in acute hippocampal injury and subsequent MTS. They do not tell us how often this occurs or how often it results in subsequent medically refractory TLE. It is clear that not all cases of MTS are associated with refractory TLE (24, 25) . It also is clear that only a minority of cases of MTS or TLE are associated with prior febrile seizures, whether causally or otherwise (1, 7, 8, 16, 20, 26) . Despite the limitations, imaging studies offer the best opportunity to address directly the relation between febrile seizures and MTS in the human.
Animal Data
The recent development of good animal models of febrile seizures gives additional insight into the possible relation of prolonged febrile seizures and subsequent MTS and TLE (1). Recent animal data from Baram and colleagues (1, 27) suggest that prolonged febrile seizures may lead to long-lasting changes in the hippocampal circuits. In a rat model of prolonged febrile seizures, cytoskeletal changes in neurons were evident within 24 hours and persisted for several weeks without leading to cell loss. However, altered functional properties of these injured neurons were evident and persisted over the long term (<60 days) (1, 28) . The changes were unique to prolonged febrile seizures and were not seen in other models of prolonged seizures in the immature brain. In the model developed by Baram and colleagues (1, 27) , although transient anatomic changes occurred, no evidence of cell death was found after prolonged febrile seizures. Remarkably, although this research has produced convincing data for functional changes, seizure duration of 20 minutes or more was required. Seizures lasting 10 minutes or less were not associated with any anatomic or functional changes. The availability of animal models provides a new means of studying the pathophysiology of febrile seizures and their consequences.
Other Questions
Additional issues that should be addressed include the role of preexisting neurologic abnormalities, effects of genetic background, and possible associations with specific viral infections.
The Role of Preexisting Abnormalities in Seizure Induced Injury
Whereas it is clear that seizure-induced injury can occur in humans, the necessary substrates have not been identified. The clinical (19) (20) (21) and animal (29) data suggest that children with preexisting brain abnormalities may be more prone both to having prolonged seizures and to seizure-induced injury. In the study of VanLandingham et al. (21) , two of three children who demonstrated acute hippocampal changes that progressed to MTS had evidence of preexisting pathology. A high frequency of subtle cortical dysplasia (17, 30) or other preexisting hippocampal abnormalities exists in patients with evidence of MTS. Moreover, animal data indicate that rat pups with cortical dysplasias are more prone to seizure-induced damage (29) . Further studies are needed to clarify whether preexisting MRI abnormalities are an independent risk factor for hippocampal injury in humans or if they simply predispose to prolonged and lateralized seizure activity, which then causes the damage.
Genetics
Accumulating evidence indicates that a genetic contribution may exist to susceptibility to febrile seizures, susceptibility to prolonged seizures, and even susceptibility to seizure-induced damage. It has long been known that a family history of febrile seizures is a major risk factor for febrile seizures in offspring (1) . More recently, research demonstrated an underlying predisposition to prolonged seizures. Although children with a prolonged first febrile seizure are not at increased risk for another febrile seizure, should one occur, it is likely to be prolonged (13) . The same is true in children with a first unprovoked, prolonged afebrile seizure (31) . A clear genetic component to prolonged seizure was demonstrated in twin studies by Corey et al. (32) The researchers reported a risk of SE of 38% (55% when the co-twin also had a history of seizures) among the co-twins of monozygotic twins who experienced SE. The recent report of an association between a polymorphism at the interleukin-1β (IL-1β) locus and MTS in patients with TLE suggests that genetic factors also may predispose to the development of MTS after a prolonged febrile seizure (33) . IL-1β has been implicated in the mechanism of generating fever, in lowering the seizure threshold, and in prolonging seizures (1) . However, in spite of all the tantalizing hints regarding possible genetic factors in the occurrence of febrile seizures and of seizure-induced injury, little is known about the precise genes involved or the mechanism by which their influence might be exerted. The genetic mechanisms involved in the susceptibility to febrile seizures, in general, and prolonged febrile seizures, in particular, as well as the genetic mechanisms responsible for predisposing to seizureinduced injury, each offer exciting avenues of future research.
Role of Specific Pathogens
Several lines of evidence demonstrate that specific viral pathogens, in particular, human herpes virus (HHV)-6 and HHV-7, may be implicated in the development of MTS after prolonged febrile seizures. Findings in the pediatric literature implicate HHV-6 and HHV-7 in up to half the cases of febrile seizures in children younger than 3 years (34, 35) . Children with primary HHV infection are more likely to have prolonged, focal febrile seizures and to have postictal paralysis than are those patients with febrile seizures not occurring with HHV-6 infection. It remains unclear whether these viruses are associated with prolonged febrile seizures because of the high fevers that occur with them or whether the viruses are involved with the pathogenesis of seizure-induced damage, as the herpesviruses have the potential to be neurotropic (36) . Further study of their precise role is needed.
Future Studies
Researchers now have the tools to address the long-standing controversy regarding the relation between prolonged febrile seizures and MTS. Animal studies will further elucidate the underlying mechanisms concerning the sequelae of febrile seizures and provide insights into potential approaches to prevent them. In the clinical arena, imaging studies combined with classic epidemiologic techniques offer an opportunity to answer questions regarding the relation between prolonged febrile seizures and subsequent MTS and TLE. Studies, such as those of VanLandingham et al. (21) , which imaged children with prolonged febrile seizures, must be combined with long-term follow-up and with classification of the subsequent epilepsy by syndromes. Ultimately researchers will probably need to combine findings from epidemiologic methods, imaging techniques, and genetic analyses to untangle the numerous factors contributing to the mechanisms that underlie the relation between prolonged febrile seizures and subsequent MTS and TLE.
Ongoing, multicenter studies may answer some key clinical questions by prospectively examining large cohorts of children with febrile SE ( > − − 30 min), by using imaging within 72 hours of the event, and then following up the children for the development of MTS or any other type of clinical epilepsy. Key questions to be answered include the following: How often does seizure-induced damage occur? What are the risk factors? How often does MTS result? Although febrile seizures are the most common form of childhood seizures, given the need to examine very prolonged febrile seizures, no one center would have sufficient numbers to address this question prospectively. With the tools now available, large, multicenter research promises to have adequate power to provide more definitive answers to the controversial relation between febrile seizures and MTS and TLE.
